Serotonin (5-HT) is a crucial neuromodulator linked to many psychiatric disorders. However, after more than 60 years of study, its role in behavior remains poorly understood, in part because of a lack of methods to target 5-HT synthesis specifically in the adult brain. Here, we have developed a genetic approach that reproducibly achieves near-complete elimination of 5-HT synthesis from the adult ascending 5-HT system by stereotaxic injection of an adeno-associated virus expressing Cre recombinase (AAV-Cre) into the midbrain/pons of mice carrying a loxP-conditional tryptophan hydroxylase 2 (Tph2) allele. We investigated the behavioral effects of deficient brain 5-HT synthesis and discovered a unique composite phenotype. Surprisingly, adult 5-HT deficiency did not affect anxiety-like behavior, but resulted in a robust hyperactivity phenotype in novel and home cage environments. Moreover, loss of 5-HT led to an altered pattern of circadian behavior characterized by an advance in the onset and a delay in the offset of daily activity, thus revealing a requirement for adult 5-HT in the control of daily activity patterns. Notably, after normalizing for hyperactivity, we found that the normal prolonged break in nocturnal activity (siesta), a period of rapid eye movement (REM) and non-REM sleep, was absent in all animals in which 5-HT deficiency was verified. Our findings identify adult 5-HT as a requirement for siestas, implicate adult 5-HT in sleep-wake homeostasis, and highlight the importance of our adult-specific 5-HT-synthesis-targeting approach in understanding 5-HT's role in controlling behavior.
Introduction
Serotonin (5-HT) is a crucial neuromodulator in the CNS, with 5-HT neurons innervating nearly every region of the brain (Jacobs and Azmitia, 1992) . Over the past six decades, a tremendous body of literature has linked 5-HT system dysfunction to highly prevalent psychiatric disorders, including major depression (Belmaker and Agam, 2008) , generalized anxiety disorder (Durant et al., 2010) , attention deficit hyperactivity disorder (ADHD) (Banerjee and Nandagopal, 2015) , and posttraumatic stress disorder (Southwick et al., 1999) . This has prompted the development of methods to deplete brain 5-HT, which has revealed numerous effects on behavior and physiology (Morin, 1999; Hodges and Richerson, 2010; Fernandez and Gaspar, 2012; Mosienko et al., 2015) .
One early method for 5-HT depletion used p-chlorophenylalanine (PCPA), a competitive inhibitor of the ratelimiting enzyme in 5-HT synthesis, tryptophan hydroxylase (Tph) (Koe and Weissman, 1966) . However, PCPA blocks enzymatic activity of both Tph isoforms, Tph1 and Tph2, which are mainly, but not exclusively, expressed in the periphery and the brain, respectively (Walther and Bader, 2003; Gershon, 2013; Kim et al., 2015) . Furthermore, PCPA affects the levels of other monoamines directly (Tagliamonte et al., 1973) and 5-HT synthesis eventually recovers, making it difficult to assess the effects of chronic 5-HT loss (Reader and Gauthier, 1984) . Another early method used the neurotoxin 5,7-dihydroxytryptamine (5,7-DHT) to destroy 5-HT axon terminals and possibly cell bodies, thus removing 5-HT in terminal innervation zones (Baumgarten et al., 1973) . However, apparently not widely considered is that the destruction of 5-HT terminals would be expected to decrease other signaling substances also released from these terminals, such as glutamate and neuropeptides (El Mestikawy et al., 2011; Wyler et al., 2016) . Moreover, 5-HT's serotonergic specificity requires pretreatment with noradrenaline reuptake inhibitors to prevent noradrenaline loss (Björklund et al., 1975) , which is not always effective (Mackenzie et al., 1978; Sziray et al., 2010) , and 5-HT terminals ablated by 5,7-DHT eventually regenerate (Wuttke et al., 1977; Morin, 1992) . Recent studies have questioned whether the behavioral phenotypes arising from 5,7-DHT treatment result specifically from 5-HT deficiency (Choi et al., 2004; Knuth and Etgen, 2004) .
Genetic approaches have also been reported. Targeting of transcription factors Lmx1b or Pet-1, which are required for 5-HT neuron development and function, results in near-total, lifelong absence of CNS 5-HT through broad loss of Tph2 expression (Hendricks et al., 2003; Zhao et al., 2006) . Loss of Lmx1b or Pet-1 also alters the expression of numerous other genes in 5-HT neurons (Zhao et al., 2006; Wyler et al., 2016) . Therefore, these approaches do not constitute models of specific 5-HT deficiency. Germline targeting of Tph2 causes a Ͼ90% depletion of CNS 5-HT and numerous behavioral phenotypes, but it is unclear whether these phenotypes were due to abnormal development brought about by 5-HT deficiency or to a specific requirement for 5-HT in adulthood Savelieva et al., 2008; Alenina et al., 2009; . Recently, a tamoxifen-inducible approach targeting Tph2 in adulthood using a ubiquitously expressed CMV-CreER (Feil et al., 1996) was described; however, it would be expected to eliminate Tph2 in all CNS and peripheral cell types in which it is expressed (Ohta et al., 2011; Gershon, 2013) .
We have developed a genetic approach to target Tph2 in the midbrain/pontine raphe nuclei of the adult mouse. Highly reproducible 5-HT deficiency was achieved through stereotaxic injection of an adeno-associated virus-expressing Cre recombinase (AAVCre) into the midbrain/pons of mice carrying a loxP-flanked Tph2 allele. We investigated the effect of this deficiency on behavior and uncovered a novel phenotype characterized by hyperactivity and disrupted circadian activity patterns. We also present findings that implicate adult brain 5-HT synthesis in the control of the siesta, a period of increased sleep during the active phase. Our findings highlight the importance of targeting adult 5-HT synthesis to understand 5-HT's role in behavior.
Materials and Methods

Animals
Tph2
fl/fl , Tph2 fl/ϩ , and Tph2 fl/Ϫ mice (Kim et al., 2014) were used for experiments. Male and female mice were used for molecular experiments in Figures 1, 2 , and 3. Male mice only were used for all behavior experiments. Mice were housed on a 12:12 h light/dark (LD) cycle with food and water available ad libitum. Up to five mice were cohoused in a cage except where noted. All experimental procedures were conducted in accordance with the guidelines of the National Institutes of Health and were approved by Case Western Reserve University's Institutional Animal Care and Use Committee.
Stereotaxic viral injections
After induction in Isothesia (isoflurane; Henry Schein Animal Health) anesthetic (3.0 -3.5% in 1 L/min O 2 ), the mice were mounted into a stereotaxic frame and the anesthetic state was maintained under isoflurane. Core body temperature was maintained at 38°C with a heating pad. Upon confirmation of anesthesia depth, the head was shaved, cleaned with betadine and 70% EtOH, and a single injection of Marcaine (bupivacaine HCl; Hospira) was administered subcutaneously within the site of the future wound margin. A single midline incision was made from ϳ3 mm posterior of the nose along the midline to ϳ3 mm posterior of lambda. Two holes (ϳ1 mm diameter) were drilled Ϯ0.5 mm from the midline of the skull (Ϫ4.2 mm from bregma). A 10 l Gastight 1701 Hamilton syringe (30 gauge needle with a 13°bevel) loaded with AAV (AAV1.CMV.PI.Cre.rBG or AAV1.CMV.PI.EGFP.WPRE.bGH, Penn Vector Core, Philadelphia, PA) was lowered into the intended injection site (Ϫ4.0 mm ventral) with the bevel facing midline and AAV infused at a rate of 100 nl/min. For experiments using Tph2 fl/fl mice, 1 l of AAV-GFP (control) or AAV-Cre (experimental) was infused per injection. For experiments using Tph2 fl/ϩ and Tph2 fl/Ϫ mice, 0.8 l of AAV-Cre was infused at the first site and 0.4 l was infused at the second site. In the cohort used for the circadian study, the injection at each site (X ϭ Ϯ0.9 mm, Y ϭ Ϫ4.2) consisted of two injections, one at Z ϭ Ϫ3.125 mm (0.6 l) and a second at Z ϭ Ϫ4.2 mm (0.7 l), with 7 min in between to allow for diffusion of the virus. In all surgeries, 10 min elapsed at the end of the injection at each site to allow for diffusion of the virus before the syringe was slowly raised out of the brain and the process was repeated at the second site. After the final injection, the craniotomies and scalp were closed. Rimadyl (carprofen, 5 mg/kg, s.c.; Pfizer) was administered daily for 3 d post-op. Food and water were available ad libitum. All animals were returned to group housing the day of surgery. Coordinates were initially selected based upon established boundaries and then confirmed (Paxinos and Franklin, 2008) .
qPCR
Mice were anesthetized with Avertin and perfused with 10 U/ml heparin (Sigma-Aldrich) in cold PBS for ϳ6 min. Brains then were immediately removed and placed on dry ice. When they were partially frozen, the brains were cut at bregma Ϫ2.92 mm and Ϫ5.68 mm to isolate midbrain tissue, which contains the dorsal raphe nucleus (DRN). With the section in a Petri dish on a cold plate, a 1.5 mm tissue punch was made at midline directly ventral to the third ventricle to isolate the DRN. Tissue punches were lysed and homogenized using a 1 ml dounce homogenizer, from which RNA was isolated using a PureLink RNA Mini Kit (Ambion-Life Technologies). RNA was quantified using a NanoDrop 2000 (Thermo Scientific). Then, 244 ng of RNA from each sample was used for reverse transcription to cDNA with a Transcriptor First Strand cDNA Synthesis Kit (Roche). Tph2 and Actb levels were quantified by qPCR using TaqMan Fast Advanced Master Mix with TaqMan Gene Expression Assays for Tph2 (Mm00557715_m1) and Actb (Mm00607939_s1) (Applied Biosystems-Life Technologies). The reactions were run in triplicate using a StepOnePlus system (Applied Biosystems) and relative expression values were calculated by StepOnePlus Software with Tph2 levels normalized to ␤-actin expression.
Histology
Two-weeks after surgery, mice were anesthetized with Avertin (44 mM tribromoethanol, 2.5% tert-amyl alcohol, 0.02 ml/g body weight) and perfused with cold PBS for 2-5 min, followed by cold 4% paraformaldehyde in PBS for 20 min. The brains were removed and cryoprotected in 30% sucrose:PBS overnight. The brains of mice from the circadian study cohort used for histology of the suprachiasmatic nucleus (SCN) were removed, drop fixed in 4% paraformaldehyde in PBS overnight, and then cryoprotected in 30% sucrose/PBS until sectioning. With the brain frozen, coronal sections (20 m) were taken through all serotonergic nuclei and the SCN using a sliding microtome. Those sections were left floating in PBS at 4°C until staining. Similar sections from control and experimental mice were mounted on SuperFrost Plus slides ( Thermo Fisher Scientific) and vacuum dried. They were then permeabilized in 0.3% Triton X-100/PBS (PBS-T) and blocked in 5% normal goat serum in PBS-T. Before blocking, antigen retrieval was performed only on slides containing sections through the SCN due to overfixation from overnight drop fixation. Slides were placed in 10 mM sodium citrate, microwaved at low power for 10 min, cooled to room temperature, and washed 3 ϫ 5 min in PBS. All slides were then incubated in primary antibody in blocking solution overnight at 4°C, washed 6 ϫ 5 min in PBS-T, incubated in secondary antibody, and washed 6 ϫ 5 min in PBS-T. Coverslips were mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen-Life Technologies). Primary antibodies used were rabbit antiTph2 (1:500, catalog #ABN60; Millipore), rabbit anti-5-HT (1:750, catalog #20080; ImmunoStar), and rabbit anti-aromatic L-amino acid decarboxylase (anti-aromatic L-amino acid decarboxylase, 1:200, catalog #CA-201 bDCrab; Protos). The secondary antibody used was goat antirabbit Alexa Fluor 594 (1:500, catalog #A-11037; Invitrogen). Coronal brain sections were selected based upon established boundaries and regions of interest were identified using well established cytoarchitectural landmarks (Paxinos and Franklin, 2008) . Sections were imaged on an Olympus Optical BX51 microscope using a SPOT RT color digital camera and SPOT Advanced software (Diagnostic Instruments). Brightness and contrast were adjusted using Adobe Photoshop. Specific numeric values for brightness and contrast adjustments were established for a single image in each experiment. Those specific adjustment values were then applied to all images of control and experimental animals within that experiment. The investigator was blinded to treatment group for all cell count analysis.
HPLC
Mice were anesthetized with Avertin and transcardially perfused with 10 U/ml heparin (Sigma-Aldrich) in cold PBS for ϳ6 min to clear the brain of peripherally synthesized 5-HT present in blood. Brains were immediately removed and placed on dry ice. When they were partially frozen, the brains were placed on a Petri dish on a cold plate and cut at bregma Ϫ2.92 mm to separate the forebrain, which was immediately frozen on dry ice. Samples were shipped to the Neurochemistry Core of the Vanderbilt Brain Institute for processing and HPLC analysis of 5-HT and 5-HIAA levels as described previously (Lerch-Haner et al., 2008) .
Behavior
All behavioral procedures occurred during the light phase of the cycle (0600:1800 h) except where noted. Littermates were used in cohorts whenever possible. Experimenters were always blinded to genotype and treatment. In all behavior experiments, the presence of Cre was controlled for to be certain that any observed effects were due specifically to the loss of 5-HT. Three separate cohorts were used for behavioral experiments: (Steele et al., 2007) . Behaviors were categorized into inactive (sleep, pause, and stationary) and active (rear, stretch, hang, walk, drink, eat, jump, dig, forage, groom, twitch, arousal, awaken, chew, and sniff) . "Sleep" and "pause" were defined as periods of inactivity lasting at least 2 min or 3 s, respectively. "Stationary" was defined as any sequence for which there was no translational movement and no other behavior was selected. "Rear" was defined as coming up to, remaining in, or coming down from a reared position. "Hang" was defined as climbing up to, remaining in, or coming down from a hanging position on the wire bar lid. "Walk" was defined as any lateral movement over a given distance. "Eat" was defined as either in the middle of the act of eating or, starting from a noneating position, transitioning to eating posture and beginning eating. All procedures were approved by Vanderbilt University's Institutional Animal Care and Use Committee.
Circadian activity monitoring. Circadian locomotor activity was measured using overhead passive infrared motion detectors interfaced with a computerized data acquisition system (ClockLab: Coulbourn Instruments) at Kent State University. The data were collected in 1 min bins and activity onset was associated with lights-off, which was designated as zeitgeber time (ZT) 12, which was defined by the initial 6 min period that coincided with an intensity of activity that exceeded 10% of the maximum rate for the day and was followed by at least 60 min of sustained activity. Assessments of absolute activity were undertaken using data exported from the ClockLab data acquisition system. An activity count represented an individual event registered by an overhead infrared sensor. The threshold for the onset of a bout of activity was a 5 min period with an activity rate of 1 activity count/min and the bout ended when the activity rate dropped below 1 count/min. Actograms are double plotted so that 48 h are shown for each horizontal trace and each day of recording is presented both to the right and beneath that of the preceding day. All procedures were approved by Kent State University's Institutional Animal Care and Use Committee.
Data analysis
Statistical tests were performed as indicated in the text. All tests were performed in GraphPad Prism, Version 6.07 for Windows or SPSS Statistics for Windows, Version 23.0. Datasets with non-normal distributions were transformed as indicated or nonparametric tests were used. Datasets with unequal variances were transformed as indicated or Welch's correction was applied after Student's t tests. All Student's t tests were two-tailed and unpaired. Datasets evaluated by two-way repeatedmeasures (RM) ANOVA were assessed for violations of sphericity and Geisser-Greenhouse-corrected p-values are reported where indicated. All two-way RM-ANOVA tests were followed by post hoc testing with Sidak's correction for multiple comparisons. For all statistical tests, p Ͻ 0.05 was considered statistically significant and p-values are indicated in the figures as follows: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, and ****p Ͻ 0.0001. Values are reported as mean Ϯ SEM unless otherwise indicated.
Results
AAV-Cre injection of Tph2
fl/fl and Tph2 fl/Ϫ mice targets brain 5-HT synthesis Tph2 was targeted using the Cre-loxP system with Tph2 fl mice, in which exon V of Tph2 is flanked by loxP sites (Kim et al., 2014).
Cre was expressed in Tph2
fl mice through bilateral stereotaxic injections of AAV-Cre into the midbrain and pons, where the anterior raphe nuclei are located (Fig. 1A) . These nuclei comprise the B6 and B7 groups (DRN), B5 and B8 groups (median raphe nucleus, caudal linear nucleus, and apical subdivision of the interpeduncular nucleus), and the B9 group (medial lemniscus, lateral subdivision of the interpeduncular nucleus, and pontomesencephalic reticular formation). We explored two different experimental strategies using either Tph2 fl/fl or Tph2 fl/Ϫ mice. In the first experiment, the control and experimental groups consisted of Tph2 fl/fl mice that were not injected or injected with AAV-Cre, respectively. Three-weeks after injection, Tph2 mRNA levels were reduced by 98.08% in DRN punches of AAV-Creinjected Tph2 fl/fl mice relative to controls (t test, t (5) ϭ 49.86, p Ͻ 0.0001, log-transformed data, n ϭ 3-4; Fig. 1Bi ). Using Tph2 fl/fl mice would allow for a very efficient breeding strategy and maximum flexibility in assembling cohorts for experiments. However, we were also interested in testing this protocol in Tph2 fl/Ϫ mice because they could be used in future experiments in combination with AAV-Cre-injected Tph2 fl/ϩ mice to control for the presence of Cre. In the second experiment, Tph2 fl/Ϫ mice were injected with AAV-GFP or AAV-Cre. Tph2 mRNA levels were reduced by 92.53% in DRN punches of AAV-Cre-injected Tph2 fl/Ϫ mice compared with AAV-GFP-injected controls (t test, t (7) ϭ 21.08, p Ͻ 0.0001, log-transformed data, n ϭ 4 -5; Fig.  1Bii ). These data demonstrate that AAV-Cre injection into the midbrain/pons of Tph2 fl/fl and Tph2 fl/Ϫ mice results in nearcomplete loss of Tph2 mRNA in the DRN.
We also determined the efficiency of Tph2 elimination at the protein level. Two weeks after AAV-Cre injection, Tph2 immunoreactivity in Tph2 fl/fl mice was abolished in nearly all cell bodies of the anterior raphe nuclei. Tph2 expression in the caudal nuclei, which comprises the B1-B3 groups (raphe pallidus, raphe obscurus, raphe magnus, and lateral paragigantocellular reticular nucleus), was not significantly altered (Fig. 2Ai) . Specifically, the number of Tph2-immunopositive neurons was decreased by 99% in the B6 and B7 groups (t test, t (6) ϭ 28.09, p Ͻ 0.0001, square-root-transformed data, n ϭ 4), by 92% in the B5 and B8 groups (t test, t (6) ϭ 15.45, p Ͻ 0.0001, n ϭ 4), and by 89% in the B9 group (t test, t (6) ϭ 80.35, p Ͻ 0.0001, squared transformed data, n ϭ 4; Fig. 2Aii ). The number of Tph2-immunopositive neurons in the B1-B3 groups was not significantly different (t test, t (4) ϭ 0.2675, p ϭ 0.8023, n ϭ 3; Fig. 2Aii ). AAV-Cre injection of Tph2 fl/Ϫ mice resulted in equally robust eliminations of Tph2 expression in the B5-B9 groups, with intact expression in the B1-B3 groups at 2 weeks after injection (Fig. 2B ). This was paralleled by a near-total loss of 5-HT immunoreactivity in the B5-B9 groups and sparing of the caudal nuclei at 2 weeks after injection (Fig. 2B) . The expression of aromatic L-amino acid decarboxylase, a second enzyme required for 5-HT synthesis, was not altered, indicating that the loss of Tph2 and 5-HT immunoreactivity was not due to 5-HT neuron death (Fig. 2B) .
To quantitate the decrease in 5-HT levels, HPLC was performed on whole forebrain tissue. AAV-Cre injection of Tph2 fl/fl mice resulted in a 97% decrease in forebrain 5-HT (t test with Welch's, t (3.000) ϭ 7.715, p ϭ 0.0045, Y 2 -transformed data) and a 99% decrease in 5-HIAA (t test with Welch's, t (3.286) ϭ 20.95, p ϭ 0.0001, square-root-transformed data), the main metabolite of 5-HT, compared with uninjected controls at 6 weeks after injection (n ϭ 4 -5; Fig. 3Ai ). To determine whether a comparable decrease in 5-HT was reached at an earlier time point after injection, we evaluated Tph2 fl/fl mice at 2 weeks after injection, which showed similar reductions in forebrain 5-HT (95%, t test with Welch's, t (2.096) ϭ 10.17, p ϭ 0.0081) and 5-HIAA (98%, t test with Welch's, t (2.034) ϭ 13.50, p ϭ 0.0051) relative to AAV-GFPinjected controls (n ϭ 3-4; Fig. 3Aii ). Similarly, AAV-Cre injection in Tph2 fl/Ϫ mice resulted in a 93% decrease in forebrain 5-HT (t test, t (4) ϭ 30.02, p Ͻ 0.0001) and a 95% decrease in 5-HIAA (t test, t (4) ϭ 23.87, p Ͻ 0.0001, square-root-transformed data, compared with AAV-GFP-injected controls at 2 weeks after injection, n ϭ 3; Fig. 3B ). Two weeks after injection, the levels of dopamine (DA) and norepinephrine (NE) were not statistically different compared with control (DA: t (5) ϭ 1.740, p ϭ 0.1424, squared data transformed; Tph2 fl/Ϫ : t (2.058) ϭ 2.250, p ϭ 0.1498, log-transformed data). At postinjection time points beyond 2 weeks, DA levels remained unchanged, but NE levels in Tph2-CKO mice were variable relative to control levels. This raises the possibility that long-term deficiency of adult brain 5-HT synthesis may have secondary effects on the stability of other monoamine systems. It will also be interesting to determine whether the primary loss of 5-HT synthesis, which would be expected to alter the activity of targeted 5-HT neurons, affects indirectly the release of other cotransmitters normally released from those neurons.
Adult brain 5-HT deficiency does not affect anxiety-like behaviors
Having established an efficient method for near-complete elimination of 5-HT synthesis in the anterior raphe nuclei, we next investigated the behavioral impact of this specific transmitter deficit. Many studies over the past several decades have investigated the role of 5-HT in regulating anxiety-like behaviors using a number of knock-out mouse models and pharmacologic approaches that perturb the 5-HT system (Fernandez and Gaspar, 2012; Lesch et al., 2012; Mosienko et al., 2015) . However, these studies produced disparate results, with some indicating a role for 5-HT in these behaviors and others demonstrating a lack thereof (Hendricks et al., 2003; Savelieva et al., 2008; Schaefer et al., 2009; Liu et al., 2010; Angoa-Pérez et al., 2012; Mosienko et al., 2012; Johnson et al., 2015) . Therefore, we initially focused our investigations on anxiety-like behaviors and tested whether the loss of adult brain 5-HT affected those behaviors. Male mice were injected at 6 -8 weeks of age and subjected to open-field, elevated plus maze, and LD box testing at 2 weeks after injection. The control group (Tph2-CON) consisted of AAV-GFP- In the open-field test, Tph2-CKO mice showed no differences relative to Tph2-CON mice in time spent in the center area (t test, t (56) ϭ 1.098, p ϭ 0.2767, log-transformed data) or time spent in the outer area (Mann-Whitney U test ϭ 323, p ϭ 0.1384, n ϭ 27-31; Fig. 4A ). In the elevated plus maze, no differences in the time spent in the open arms (t test, t (19) ϭ 1.063, p ϭ 0.3010) or closed arms (t test, t (19) ϭ 0.6215, p ϭ 0.5417) or in the number of entries to the open arms (t test, t (19) ϭ 0.4228, p ϭ 0.6772) or closed arms (t test, t (19) ϭ 0.01446, p ϭ 0.9885) were detected in Tph2-CKO mice compared with Tph2-CON mice (n ϭ 10 -11; Fig. 4B ). Finally, in the LD box test, Tph2-CKO mice spent a similar amount of time in the light area (t test, t (19) ϭ 0.1486, p ϭ 0.8834, square-root-transformed data) and had a similar number of transitions between the light and dark areas as Tph2-CON mice (t test, t (19) ϭ 1.182, p ϭ 0.2519, n ϭ 10 -11; Fig. 4C ). Therefore, our results indicate that a severe deficiency of adult 5-HT synthesis in the anterior raphe nuclei does not lead to an anxiety-like phenotype. Intriguingly, the discrepancy between Tph2 Ϫ/Ϫ and Tph2-CKO mice in measures of anxiety may result from effects of 5-HT loss on the development of anxiety circuits versus a specific lack of serotonergic transmission in adulthood (Mosienko et al., 2012) . In addition, the anxiety phenotypes associated with fetal and adult Pet-1 targeting may result from the multiple gene expression defects in 5-HT neurons in these mice (Hendricks et al., 2003; Liu et al., 2010; Wyler et al., 2016) .
Adult brain 5-HT deficiency increases locomotor activity in a novel environment
Interestingly, in the same open-field test, Tph2-CKO mice exhibited increased locomotor activity, as indicated by an increase in the total distance traveled (t test, t (56) ϭ 4.764, p Ͻ 0.0001, logtransformed data; Fig. 4Di ). The number of entries to the center (t test, t (56) ϭ 2.678, p ϭ 0.0097, square-root-transformed data) and outer areas (t test, t (56) ϭ 2.921, p ϭ 0.0050) were also increased in Tph2-CKO mice (Fig. 4Dii) . In addition, the activity levels of Tph2-CKO mice were increased at the start of the test and continued to be significantly higher than Tph2-CON mice for the duration of the 30 min test (2-way RM-ANOVA; 5-HT depletion: F (1,56) ϭ 12.19, p ϭ 0.0009; time: F (2,112) ϭ 98.38, p Ͻ 0.0001; 5-HT depletion ϫ time: F (2,112) ϭ 1.128, p ϭ 0.3273; post hoc testing with Sidak's correction, log-transformed data; Fig. 4Diii ).
After the completion of behavioral testing, near-complete elimination of 5-HT (Mann-Whitney U test ϭ 0, p Ͻ 0.0001) and 5-HIAA (Mann-Whitney U test ϭ 0, p Ͻ 0.0001) were confirmed in the Tph2-CKO mice compared with the Tph2-CON mice (Fig. 4E) .
Together, these results indicate that a deficiency of adult brain 5-HT synthesis increases locomotor activity. However, to confirm definitively that the hyperactivity was not due to the novel environment, we proceeded to measure the activity of Tph2-CON and Tph2-CKO mice in their familiar home cages.
Deficiency of 5-HT synthesis in the adult brain increases home cage activity
In an independent cohort, we performed a home cage monitoring study in which control and experimental groups were monitored continuously for 48 h. Male mice were injected at 13 weeks of age, singly housed, and home cage monitoring began 3-4 weeks after injection. The experimental group (Tph2-CKO) consisted of 14 AAV-Cre-injected Tph2 fl/Ϫ mice and the control group (Tph2-CON) consisted of nine AAV-Cre-injected Tph2 fl/ϩ mice, two AAVCre-injected Tph2 ϩ/Ϫ mice, and five AAV-GFP-injected Tph2 fl/fl mice. Initial analysis of the results revealed significant differences in the time spent per day in several specific behaviors. Tph2-CKO mice spent significantly less time in inactive behaviors such as sleep (t test, t (28) ϭ 2.682, p ϭ 0.0121) and pause (t test, t (28) ϭ 2.254, p ϭ 0.0322, square-root-transformed data), which are defined by the HomeCageScan software (Cleversys) as periods of inactivity lasting at least 2 min or 3 s, respectively (Fig. 5Ai,Bi) . Conversely, they spent more time in active behaviors such as rearing (t test, t (28) ϭ 2.074, p ϭ 0.0474) and walking (t test with Welch's correction, t (18.99) ϭ 2.763, p ϭ 0.0124, log-transformed data) compared with Tph2-CON mice (Fig. 5Ci,Di) . These results suggested an overall increase in activity in a familiar environment relative to Tph2-CON mice.
To further investigate home cage behavior of Tph2-CKO mice, we examined the time spent in several active and inactive behaviors during light and dark phases. In each behavior, there was a significant main effect of 5-HT depletion, suggesting that the loss of brain 5-HT affected activity during both the dark and light periods. However, there were notable temporal differences between Tph2-CON and Tph2-CKO mice among various inactive and active behaviors. Compared with Tph2-CON mice, the time Tph2-CKO mice spent in sleep was decreased only during the light period (2-way RM-ANOVA; 5-HT depletion: F (1,28) ϭ 6.643, p ϭ 0.0155; time: F (1,28) ϭ 110.6, p Ͻ 0.0001; 5-HT depletion ϫ time: F (1,28) ϭ 2.564, p ϭ 0.1206; post hoc testing with Sidak's correction, square-root-transformed data; Fig. 5Aii ), whereas the time spent in pause was decreased only during the dark period (2-way RM-ANOVA; 5-HT depletion: F (1,28) ϭ 4.568, p ϭ 0.0415; time: F (1,28) ϭ 0.3463, p ϭ 0.5610; 5-HT depletion ϫ time: F (1,28) ϭ 3.297, p ϭ 0.0801; post hoc testing with Sidak's correction, square-root-transformed data; Fig. 5Bii ). The time that Tph2-CKO mice spent rearing (two-way RM-ANOVA; 5-HT depletion: F (1,28) ϭ 4.682, p ϭ 0.0392; time: F (1,28) ϭ 68.44, p Ͻ 0.0001; 5-HT depletion ϫ time: F (1,28) ϭ 3.806, p ϭ 0.0611; post hoc testing with Sidak's correction, log-transformed data; Fig. 5F ) were all significantly increased during the light period. To assess overall activity levels, individual behaviors were grouped into active and inactive behaviors (see Materials and Methods). Tph2-CKO mice spent significantly more time in active behaviors per day (t test, t (28) ϭ 4.009, p ϭ 0.0004, log-transformed data; Fig. 5Gi) . Specifically, the time spent in active behaviors was significantly increased during both the light and dark periods (2-way RM-ANOVA; 5-HT depletion: F (1,28) ϭ 16.28, p ϭ 0.0004; time: F (1,28) ϭ 163.0, p Ͻ 0.0001; 5-HT depletion ϫ time: F (1,28) ϭ 3.217, p ϭ 0.0837; post hoc testing with Sidak's correction, square-root-transformed data; Fig. 5Gii ). Together, these results indicated that Tph2-CKO mice may be more active in the dark period, when mice are naturally active. However, this analysis also showed that Tph2-CKO mice were significantly more active than Tph2-CON mice in the light period, when mice naturally sleep, which suggests that there may be a disruption in sleep and circadian rhythms.
After completion of behavioral testing, near-total elimination of 5-HT (t test, t (25) ϭ 18.67, p Ͻ 0.0001) and 5-HIAA (t test with Welch's correction, t (17.66) ϭ 17.72, p Ͻ 0.0001) were confirmed in the Tph2-CKO mice compared with Tph2-CON mice (Fig. 5H ).
Deficient adult brain 5-HT synthesis disrupts daily circadian behavior patterns and induces hyperactivity
To determine whether adult 5-HT synthesis is required to maintain normal circadian behavioral patterns, we performed a circadian locomotor activity study in an independent cohort. Tph2 fl/ϩ (Tph2-CON ) and Tph2 fl/Ϫ (Tph2-CKO) mice received AAV-Cre injection at 7-9 weeks of age and were individually housed 1 week after injection in a 12:12 LD cycle (n ϭ 11-12). After an additional 2-week period of acclimation to the monitoring chambers, we collected activity data for 11 d using infrared motion sensors.
As seen in the representative actograms, Tph2-CKO mice displayed numerous abnormalities in their daily activity patterns compared with Tph2-CON mice (Fig. 6A) . Tph2-CKO mice entrain to a LD cycle, as indicated by their normal period length (Tph2-CON 24.01 Ϯ 0.01677 vs Tph2-CKO 24.02 Ϯ 0.03464 h, t test with Welch's correction, t (12.47) ϭ 0.9046, p ϭ 0.3828). However, Tph2-CKO mice showed an advance in the onset (t test, t (21) ϭ 2.396, p ϭ 0.0260; Fig. 6Bi ) and a delay in the offset (t test, t (21) ϭ 5.688, p Ͻ 0.0001; Fig. 6Bii ) of their daily activity, which lengthened their active phase (alpha) by Ͼ2 h (t test, t (21) ϭ 6.072, p Ͻ 0.0001; Fig. 6Biii ). Activity profile data, normalized to total activity levels, revealed that the extension of the alpha phase was independent of any differences in absolute activity and due to a redistribution of activity throughout the 24 h period (2-way RM-ANOVA; 5-HT depletion: F (1,21) ϭ 26.813, p Ͻ 0.0001; time: F (5.504,115.579) ϭ 105.672, p Ͻ 0.0001; 5-HT depletion ϫ time: F (5.504,115.579) ϭ 8.984, p Ͻ 0.0001; post hoc testing with Sidak's correction, square-root-transformed data; Fig. 6C ). This was reflected in a similar increase in the time spent active by Tph2-CKO mice during the light period (2-way RM-ANOVA; 5-HT depletion: F (1,21) ϭ 26.61, p Ͻ 0.0001; time: F (1,21) ϭ 328.8, p Ͻ 0.0001; 5-HT depletion ϫ time: F (1,21) ϭ 0.1433, p ϭ 0.7089; post hoc testing with Sidak's correction; Fig. 6D ). Together, these data demonstrate significant disruption of circadian activity patterns under normal LD conditions after loss of adult brain 5-HT synthesis.
Although these analyses showed differences in the pattern of circadian activity in Tph2-CKO mice, they did not assess absolute activity levels. To evaluate absolute activity, we analyzed activity count data for each mouse from the circadian study dataset, which revealed that total daily activity was significantly increased in Tph2-CKO mice (Tph2-CON 1267 Ϯ 720.5 vs Tph2-CKO 2847 Ϯ 1302 activity counts/d, t test, t (21) ϭ 3.793, p ϭ 0.0011, data log transformed). Furthermore, the percentage increase in total daily activity (125%, Tph2-CON 1267 Ϯ 720.5 vs Tph2-CKO 2847 Ϯ 1302 counts/d, t test, t (21) ϭ 3.793, p ϭ 0011) was almost double the percentage increase in time spent active (68%, Tph2-CON 7.943 Ϯ 2.454 vs Tph2-CKO 13.36 Ϯ 2.587 min, t test, t (21) ϭ 5.157, p Ͻ 0.0001), suggesting an absolute increase in activity. Tph2-CKO mice also had significantly increased activity counts in both the light and dark periods compared with Tph2-CON mice (2-way RM-ANOVA; 5-HT depletion, F (1,21) ϭ 18.83, p ϭ 0.0003; time, F (1,21) ϭ 172.2, p Ͻ 0.0001; 5-HT depletion ϫ time: F (1,21) ϭ 0.7688, p ϭ 0.3905, post hoc testing with Sidak's correction, square-root-transformed data; Fig. 7A ). To determine whether absolute activity of Tph2-CKO mice was increased uniformly across the entire 24 h period, we plotted the average activity profiles for Tph2-CON and Tph2-CKO mice (Fig. 7B) . These analyses revealed a significant main effect of 5-HT depletion, which resulted in overall increased activity in Tph2-CKO mice compared with Tph2-CON mice (2-way RM-ANOVA; 5-HT depletion, F (1,21) ϭ 21.749, p ϭ 0.0001; time, F (3.939,82.720) ϭ 75.106, p Ͻ 0.0001; 5-HT depletion ϫ time: F (3.939,82.720) ϭ 4.582, p ϭ 0.002, post hoc testing with Sidak's correction, square-roottransformed data). However, there was also a significant interaction between 5-HT depletion and time, meaning that the increased activity in Tph2-CKO mice was only significant at specific time points indicated by post hoc testing, which aligned directly with the changes in circadian behavior patterns (Fig. 7B) .
To remove the confounding factor of the differences in duration of activity between Tph2-CON and Tph2-CKO mice, we examined the rates of activity only during bouts of activity, allowing us to determine definitively whether Tph2-CKO mice are hyperactive. Both the peak (2-way RM-ANOVA; 5-HT depletion, F (1,21) ϭ 8.051, p ϭ 0.0099; time, F (1,21) ϭ 63.25, p Ͻ 0.0001; 5-HT depletion ϫ time, F (1,23) ϭ 0.002652, p ϭ 0.9594; post hoc testing with Sidak's correction, square-root-transformed data; Fig. 7Ci ) and average (2-way RM-ANOVA; 5-HT depletion, F (1,21) ϭ 6.691, p ϭ 0.0172; time, F (1,21) ϭ 27.81, p Ͻ 0.0001; 5-HT depletion ϫ time, F (1,21) ϭ 0.09999, p ϭ 0.7550; post hoc testing with Sidak's correction, log-transformed data; Fig. 7Cii ) rates of activity within bouts of activity were significantly increased in Tph2-CKO mice compared with Tph2-CON mice. In addition, even between the offset of one alpha phase and the onset of the next (ZT6 -11), activity was increased in Tph2-CKO mice (Tph2-CON 21.40 Ϯ 12.74 vs Tph2-CKO 98.08 Ϯ 67.17 activity counts, t test, t (21) ϭ 5.555, p Ͻ 0.0001, log-transformed data). Together, these data indicate that a deficiency in adult brain 5-HT synthesis results in hyperactivity.
Adult brain 5-HT synthesis is required for the natural siesta
Further inspection of the circadian actograms indicated that Tph2-CON mice consistently exhibited a ϳ2 h break in activity, or "siesta," during the second half of the dark phase (Fig. 8Ai) . Quantification of time spent active showed that Tph2-CON mice were active for ϳ2 h less than Tph2-CKO mice during the dark period, supporting a possible loss of siesta in Tph2-CKO mice (Fig. 6D) . To further determine whether the decrease in time spent active was due to a discrete break in activity in Tph2-CON mice, we examined individual activity profile data. Tph2-CON mice consistently exhibited siestas (Fig. 8Aii) . The 11 d average activity profile of mouse #6068 appears to only show a partial siesta; however, this mouse took full, consistent siestas on days 9 -11 (data not shown). Surprisingly, the siesta was absent in every Tph2-CKO mouse with confirmed 5-HT elimination (Fig. 8Aii) . Although the 11 d average activity profile for Tph2-CKO mouse #5925 showed a dip in dark period activity, inspection of the actogram for this mouse revealed slight decreases in activity around ZT18 -22 over several days, but no siestas (data not shown). In addition, Tph2-CKO mouse #6070 displayed full, consistent siestas (Fig. 8Aii) . However, HPLC analysis of mouse #6070 revealed 30% residual 5-HT forebrain levels, so this subject was excluded from all behavior analyses.
To quantify the presence of siestas, we examined normalized activity profile data (Fig. 8B ). This revealed a significant decrease in activity in Tph2-CON mice during ZT20 -21 compared with the rest of the dark period, whereas Tph2-CKO mice had no significant fluctuations in their dark-phase activity distribution (t tests with Sidak's correction for multiple comparisons, squareroot-transformed data; Fig. 8B ). This is supported by the in- -12) . B, Activity counts were organized into 1 h bins, averaged for each mouse, and then averaged across the group for each ZT hour (n ϭ 11-12). C, Peak activity rate per bout in light and dark periods (Ci) and average activity rate per bout in light and dark periods (Cii) (n ϭ 11-12).
creased absolute activity levels of Tph2-CKO mice during ZT18 -22 relative to Tph2-CON mice (Fig. 7B) . Importantly, the fact that the loss of siesta in Tph2-CKO mice persisted when the data were normalized for total activity suggests that it is independent of hyperactivity (Fig. 8B) . After completion of the study, 5-HT immunoreactivity was shown to be severely depleted in the SCN of Tph2-CKO mice compared with Tph2-CON mice ( Siesta is indicated by the red box on the Tph2-CON actogram and the red arrow on the Tph2-CON activity profile. Tph2-CKO mouse #6070 had 30% residual 5-HT by HPLC and exhibited a consistent siesta (black arrow). B, Activity counts were organized into 1 h bins, averaged for each mouse, averaged across the group for each ZT hour, and normalized to total activity (n ϭ 11-12; t tests with Sidak's correction for multiple comparisons (Tph2-CON: T20 vs 14****, ZT20 vs 15***; ZT20 vs 16****, ZT20 vs 17***, ZT20 vs 23****, ZT20 vs 24***, ZT21 vs 14****, ZT21 vs 15**, ZT21 vs 16***, ZT21 vs 17**, ZT21 vs 23***, ZT21 vs 24**; Tph2-CKO: no significant differences for same comparisons as Tph2-CON, *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, and ****p Ͻ 0.0001). C, Anti-5-HT immunofluorescence in the SCN of Tph2-CON and Tph2-CKO mice in the optic tract (opt).
5.524 Ϯ 0.9925 vs Tph2-CKO 0.0 Ϯ 0.0 ng/pg protein, t test, t (14) ϭ 24.33, p Ͻ 0.0001, n ϭ 5-11) were confirmed in Tph2-CKO mice except for mouse #6070.
Discussion
We present a new approach for near-complete elimination of 5-HT synthesis in the ascending 5-HT system of adult mice. Our method targets Tph2 in the anterior raphe nuclei with midbrain/ pontine AAV-Cre injections in adult mice, permitting normal brain maturation and avoiding potential developmental compensatory effects that may arise from fetal targeting of Tph2. Using this technique, we discovered a novel phenotype of hyperactivity with disrupted circadian behavior patterns, including loss of the nocturnal siesta. These findings highlight the importance of our approach in understanding 5-HT's role in the adult brain.
Previous studies using pharmacological and genetic disruptions of the 5-HT system have produced variable results in tests of locomotor activity in novel (open-field) and familiar (home cage) environments. For example, PCPA resulted in normal, decreased, or increased locomotor activity, depending on the study, in novel and familiar environments (Tenen, 1967; Fibiger and Campbell, 1971; Steigrad et al., 1978; Dringenberg et al., 1995) . Germline targeting of Tph2 resulted in normal, decreased, or increased locomotor activity, again varying from study to study, in novel and familiar environments (Savelieva et al., 2008; Alenina et al., 2009; Solarewicz et al., 2015; . Importantly, because these studies did not report bout analysis results, there is no indication whether changes in daily, light period, or dark period activity levels were due to alterations in circadian behavior, absolute activity levels, or both.
We examined locomotor activity of Tph2-CON and Tph2-CKO mice in a novel open-field environment and familiar home cage environments. In all studies, Tph2-CKO mice exhibited increased total locomotor activity, as well as in the light and dark periods in home cage studies. However, increases in activity might have been caused only by altered circadian behavior patterns, which increased the duration of activity in Tph2-CKO mice, as opposed to absolute hyperactivity. Furthermore, in our circadian study, increased activity in Tph2-CKO mice was only significant during times that aligned with behavior pattern changes: during ZT18 -22, when the normal siesta occurs, and during ZT1-5, when the normal active phase tapers off (Fig. 5B) . This implied that, even though overall activity was increased, Tph2-CKO mice might have had alterations only in their pattern of activity, not also their absolute activity. However, we determined that adult 5-HT deficiency caused absolute hyperactivity by examining activity within bouts, thus removing the confounding factor of differences in time spent active. This revealed that Tph2-CKO mice had increased average and peak rates of activity during bouts of activity, confirming the presence of hyperactivity. Considering the widely varying previously published results, it is significant that our concordant evidence for hyperactivity was obtained in independent cohorts at three different institutions, during different times of the year, using different experimental setups, and by three different groups of investigators, indicating the robust nature of this phenotype following adult 5-HT deficiency. Because the forebrain is severely depleted of 5-HT, it is possible that secondary effects on homeostatic-hypothalamic and other autonomic functions regulated by 5-HT are affected, which could play a role in the behavioral changes that we observed.
5-HT has long been implicated in the regulation of circadian rhythms and daily activity patterns (Ciarleglio et al., 2011) . Release of 5-HT into the SCN has a daily rhythm and 5-HT has been shown to modulate photic and nonphotic input to the SCN (Rea et al., 1994; Dudley et al., 1998; Glass et al., 2003) . Our findings revealed that a severe deficiency of adult 5-HT led to altered circadian patterns of daily activity, characterized by an advanced onset of activity, delayed offset of activity, and lengthened alpha phase. Similar changes in the onset and offset of activity have been reported after intraventricular injections of 5,7-DHT and in Pet-1 Ϫ/Ϫ mice (Smale et al., 1990; Paulus and Mintz, 2012; Ciarleglio et al., 2014) . Therefore, our results make clear that similar changes consistently observed in other models of 5-HT system hypofunction were in fact due to a specific requirement for 5-HT in adulthood to control normal circadian onset and offset of activity.
Our findings also demonstrated that depletion of adult 5-HT prevented the occurrence of a nocturnal activity break or siesta. Siestas, typically 2 h long, occur naturally in wild-type mice (Tankersley et al., 2002; Stowie and Glass, 2015) , but very little is known about their regulation. In our study, virtually all Tph2-CON mice displayed an ϳ2 h siesta. In striking contrast, siestas were absent in every Tph2-CKO mouse with confirmed loss of 5-HT. One Tph2 fl/Ϫ mouse injected with AAV-Cre had incomplete 5-HT depletion (30% of control by HPLC) and exhibited consistent siestas, further confirming a requirement for 5-HT for siestas. Furthermore, the loss of siestas in Tph2-CKO mice persisted when data were normalized for total activity, suggesting that the failure to take a siesta was independent of the accompanying hyperactivity. Although no previous circadian or sleep studies using a model of 5-HT system hypofunction have reported the presence or lack of a siesta, one study with Pet-1 Ϫ/Ϫ mice presented findings suggesting siestas occurred in both Pet-1 ϩ/ϩ and Pet-1 Ϫ/Ϫ mice (Wellman et al., 2013) , which further supports a specific requirement for adult 5-HT in this behavior.
Two recent studies demonstrated that siestas in wild-type mice are periods of increased rapid eye movement sleep (REMS) and non-REM sleep (NREMS; Dudley et al., 2003; Ehlen et al., 2015) . NREM delta power, a measure of the homeostatic drive to sleep, or sleep pressure, also steadily increases during the dark period and peaks at the onset of siesta in wild-type mice. In view of these findings, our data showing that Tph2-CKO mice do not take an extended break in activity during the dark period strongly implicate adult 5-HT in the control of sleep-wake mechanisms and provide evidence that it may largely promote, not suppress, sleep. Subtle decreases in NREMS at lights-on and lights-off have been reported in Tph2 Ϫ/Ϫ mice, but it is unclear whether these changes in NREMS resulted from altered assembly of sleep-wake circuits brought about by developmental deficiency of 5-HT or a specific need for adult 5-HT (Solarewicz et al., 2015) . Our results also suggest that adult 5-HT may play a role in the accumulation of sleep pressure and the initiation and maintenance of sleep, as reflected by the loss of siesta and increased activity during the rest phase (ZT6 -11). Interestingly, Tph2 Ϫ/Ϫ mice displayed normal levels of NREM delta power over the LD cycle (Solarewicz et al., 2015) , raising the possibility that adult 5-HT specifically may be required for sleep pressure accumulation. It will be important in future studies to determine how adult 5-HT deficiency affects REMS/NREMS architecture and sleep pressure accumulation.
Two types of sleep-promoting neurons modulated by 5-HT are located in the ventrolateral preoptic area (VLPO). Type 1 neurons are inhibited by 5-HT, whereas type 2 neurons are activated by 5-HT (Gallopin et al., 2005) . 5-HT is suggested to acti-vate type 2 neurons during drowsiness to permit the initiation of sleep and type 1 neurons fire to maintain sleep. Retrograde Creexpressing viruses injected into the VLPO of adult Tph2 fl mice will help to determine specific forebrain regions through which 5-HT controls siestas and sleep-wake homeostasis (Wu et al., 2012) . In summary, our adult Tph2-targeting approach has uncovered the control of siestas in mice as a key function for adult 5-HT and strongly suggests a role for adult 5-HT in sleep-wake homeostasis mechanisms.
In addition to revealing a previously unrecognized role for 5-HT in siestas and clarifying its role in regulating activity and circadian behavior, our results may have important implications for 5-HT in a variety of mental health disorders, including ADHD, seasonal affective disorder, depression, bipolar disorder, and sleep disorders. Although ADHD is thought to be driven by dysregulation of catecholinergic signaling in the brain, some studies have suggested that altered 5-HT signaling may also be involved and selective NE and 5-HT reuptake inhibitors have shown efficacy as a second-line treatment for ADHD (Banerjee and Nandagopal, 2015) . Moreover, selective 5-HT reuptake inhibitors reduce hyperactivity in mouse models of ADHD (Hiraide et al., 2013) . Our findings support the hypothesis that deficient 5-HT transmission may play a role in the hyperactivity and dysregulated sleep homeostasis associated with ADHD. Psychomotor agitation/retardation and disrupted sleep patterns are core symptoms of and part of the diagnostic criteria for depression, seasonal affective disorder, and bipolar disorder (American Psychiatric Association, 2013). 5-HT has been implicated in these disorders and our results suggest that dysregulated 5-HT signaling could contribute to those specific sequelae (Belmaker and Agam, 2008; Ciarleglio et al., 2011; Mann, 2013) . Recent studies have also suggested that disturbances in sleep and circadian rhythms may not be just symptoms of many psychiatric disorders related to 5-HT system dysfunction, but may also be part of their etiology (Jagannath et al., 2013; McClung, 2013) . Interestingly, humans naturally take midday naps, which are thought to improve cognition and memory, suggesting that 5-HT's role in siesta may be an important adaptation for life-long maintenance of brain health (Ficca et al., 2010) . Finally, it will be important to use our approach to define the potential role of adult 5-HT in many other behaviors, such as stress responses, impulsivity, attention, feeding, novelty-induced hypophagia, and behavioral despair/ anhedonia.
